Cells have a wide range of capacities to remove extracellular hydrogen peroxide. At higher concentrations of extracellular H 2 O 2 (micromolar) the rate of removal can be approximated by a rate equation that is first-order in the concentration of H 2 O 2 and cell density. Here we present a method to determine the observed rate constant for the removal of extracellular H 2 O 2 on a per cell basis. In the cells examined, when exposed to 20 mM H 2 O 2 , these rate constants (k cell ) range from 0.46Â 10 
Introduction
Considerable research is now focused on the basic biology associated with the cellular production of free radicals, related oxidants, and antioxidants. There is a growing consensus that these species are not just associated with various pathologies and aging, but rather are central to the biology of normal cells and tissues [1] [2] [3] [4] [5] . Unfortunately, much of what we know about oxidants and antioxidants in biology is observational in nature due to the high reactivity and low levels of the initial oxidative intermediates [6] . Many popular assays provide relative changes that may not be specific or have a linear response in the readout [7, 8] . In addition, once formed these highly reactive species can rapidly react with multiple targets, disappearing into the cellular milieu, resulting in a vanishingly small steady-state level, far below lower-limits-of-detection of most analytical approaches.
Although many kinetic rate constants for the reactions of free radicals, related oxidants and antioxidants, as well as antioxidant enzymes are available, quantitative integration into our understanding of more complex biological systems has been challenging and slow [2, [9] [10] [11] [12] [13] [14] . Modeling of complex systems with the integration of physics, chemistry, and biology will allow more thorough analyses, yielding better predictions and understanding of fundamental redox processes and consequences in biology [6, [9] [10] [11] [12] [13] [14] [15] [16] [17] . Currently, most analyses are presented as qualitative assessments with limited predictive abilities. To establish better mathematical models of biological redox systems we need to develop new approaches to gather quantitative information on fundamental components of the redox circuits that comprise biologic systems.
The integration of free radical and oxidant/antioxidant chemistry and biology are being addressed in the burgeoning field of redox biology, more specifically in the newly developing field of Quantitative Redox Biology (QRB) [17] . To gain the next level of understanding of cellular redox processes, quantitative information on the generation and removal of superoxide and hydrogen peroxide by cells and tissues must be in hand. Here we address the kinetics of the removal of extracellular H 2 O 2 by intact cells. For example, even though red blood cells produce a low flux of superoxide and H 2 O 2 intracellularly [18, 19] , they also efficiently remove extracellular H 2 O 2 [20] [21] [22] . Removal of extracellular H 2 O 2 of course is not restricted to erythrocytes, many different types of cells are able to remove extracellular H 2 O 2 [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Many different enzyme systems are involved in this removal process, and new pathways are still being discovered. For some of the known reactions involved in the removal of H 2 O 2 the kinetic rate constants have been determined with in vitro experiments using purified enzymes. As a result there is a beginning understanding of their potential contributions to the maintenance of a normal steady-state level of H 2 O 2 as well as their roles in pathological , but also how fast it is removed. It is reasonable to assume that the greater the ''cell density'' the more rapidly the added H 2 O 2 will be removed [23, 24] . Thus, the actual cellular consequences observed may also change with cell density [28, 30, 33] . The possibility of significant changes in the concentration of H 2 O 2 with time adds another complicating factor to the interpretation of the data from these types of experiments.
To maintain a constant level of H 2 O 2 Antunes et al. developed a new approach, the cellular steady-state titration of H 2 O 2 [30, 31, 34] . In this approach a stable flux of H 2 O 2 is produced, e.g. by glucose/glucose oxidase. This production is balanced by the cellular removal of this extracellular H 2 O 2 to achieve a desired extracellular and intracellular steady-state level of H 2 O 2 over a long period of time. The cellular consequences can be quite different than experiments employing bolus additions of H 2 O 2 and may be much more relevant to the in vivo biology of cells and tissues [31] .
Here we present a method to determine an observed rate constant for the removal of extracellular H 2 O 2 on a per cell basis. This rate constant provides a quantitative means to compare the capacity of cells to remove extracellular H 2 O 2 ; results can then be coupled with cell density to determine the rate of removal of H 2 O 2 in experiments, allowing for better design and interpretation of data. In addition this information is required to mathematically model redox processes in systems to advance the new field of Quantitative Redox Biology.
Methods
Cell culture and enumeration HL-60, U937, MIA-PaCa-2, MDA-MB-231 (ATCC, Manassas, VA) and BAEC (isolated from bovine heart [35] ) were maintained in RPMI 1640 media supplemented with 10% FBS and 85 U/mL penicillin and 85 mg/mL streptomycin (Invitrogen, Grand Island, NY). MCF-7 cells were maintained in MEM with 10% FBS with the same penicillin and streptomycin levels as above. The MCF-7 p51 (GPx-4) stable overexpressing cells [36] with a selectable antibiotic resistance marker were grown in the same media supplemented with Geneticin s (G418, 350 mg/mL) ( [37] . The wells to be used for standards are pre-loaded with 50 mL of HBSS; then, the standards are added to wells as 50 mL additions, activity was irreversibly inhibited using 3-amino-1,2,4-triazole (Sigma; CAS 61-82-5) before cells were examined in a peroxide-removal assay [38] . Briefly, attached or suspended cells were incubated in full media with 20 mM 3-AT for 1 h at 37 1C, the media was removed, and cells were washed three times with HBSS before addition of the buffer for the peroxideremoval assay: suspended cells were counted before placing them into the peroxide-removal assay buffer and assigned wells of the assay plate. 3-AT must be removed from the media before initiation of the peroxide-removal assay, as it will react with compound I of HRP, interfering with the quantitation of the remaining H 2 O 2 . 6. At room temperature the assay color/fluorescence is sufficiently developed and can be read in a fluorescence plate reader after 5 min. We routinely run the assay at room temperature and read the plates using a )).
Statistics
The lower limits of detection (LLD) for standard curves were estimated as described by Anderson [39] .
Results and discussion

Standards for H 2 O 2
Our goal was to develop a simple and flexible microplate reader assay for measuring H 2 O 2 reliably while being compatible with cells in vitro. We have adapted the flexible H 2 O 2 assay in which pHPA in the presence of H 2 O 2 and HRP is oxidized to a dimeric fluorophore (pHPA) 2 [40] [41] [42] . This assay is for use in measuring H 2 O 2 in media and not intended for measuring intracellular generation of H 2 O 2 or its extracellular accumulation in media from cells. The assay can measure H 2 O 2 in a convenient and flexible format utilizing clear tissue culture plates and fluorescence microplate readers with monochromator/grating or commonly used filter sets (Fig. 1A) Fig. 1A and B. As seen in both Fig. 1A We further explored the usefulness of the assay with cultured cells by demonstrating that the assay is linear at low H 2 O 2 concentrations, i.e. at levels that can be reliably measured, while low enough to prevent rapid and overt cellular toxicity. Fig. 2A is a standard curve from a representative experiment with 0.5 to 10 mM H 2 O 2 (final concentration in the wells), using our standard protocol. The assay shows linearity when read at either 5 or 25 min with a lower limit of detection (LLD) of 0.4 mM at 25 min. The H 2 O 2 concentration range we have used is the range anticipated for most of our cell experiments. As seen in Fig. 1A , standard curves are initially linear with increasing slopes over time; Fig. 2B presents this quantitatively. This demonstrates that the assay does not reach a true end point at the temperatures and times we have employed, and that a low level, systemic oxidation occurs. This low rate of background oxidation highlights and enforces the importance that standard curves and experimental samples must be developed and analyzed simultaneously. Additionally, the assay could be modified and is applicable to kinetic-based assays for estimates of H 2 O 2 concentration based on rates of (pHPA) 2 fluorescent dimer formation.
pHPA, caveats
The upper limit of H 2 O 2 concentration that can be used in the 96-well plate reader assay is 30 mM (final concentration; 60 mM during cell-exposure), which is a limit similar to the 40 mM, using fluorimeters, as reported by Hyslop and Sklar [41] . The loss of linear responses above 30-40 mM H 2 O 2 in standards curves is probably due to the absorbance of (pHPA) 2 , which will affect excitation intensity [41] as well as other photo-induced fluorescence reactions [43] . The lower limit of detection (LLD) can approach 0.4 mM: this of course varies depending on the quality of the standard curve produced when running the assay.
There is a background oxidation of pHPA that occurs in standard curves ( Fig. 2A and B) as well as cell samples. Using the protocol presented here overcomes this issue in quantitation due to the simultaneous development and analysis of the produced pHPA fluorophore. Erroneous results will occur if this background oxidation is not accounted for in experiments where samples and standards are not assayed and run simultaneously. This low level oxidation would be misinterpreted in samples in which cells are being evaluated as the apparent generation or accumulation of H 2 O 2 from cells.
To simplify the analysis of an experiment the number of cells in each well of the 96-well plate should be the same. The observed kinetics for the rate of removal of extracellular H 2 O 2 is approximated by a first-order rate equation. Thus, the actual concentration of the H 2 O 2 remaining in each of the wells with cells, in principle, need not be known. The value of k obs can simply be determined by a plot of ln(net fluorescence, in arbitrary units) vs. time, where net fluorescence¼(fluorescence in well)-(fluorescence of blank). The standards are run because: they take very little extra time; the cost of reagents is minimal; the actual concentration in the wells is known and can be reported with confidence; but most important, the standards provide quality control as many (but not all) possible abnormalities can identified. suspension, whereas the MDA-MB-231 cells are cultured as a monolayer and were exposed to extracellular H 2 O 2 as attached cells. The difference in this physical aspect of cell culture may contribute to the very different capacities of these cells to remove extracellular H 2 O 2 .
Removal of extracellular H 2 O 2
Physical constraints on removal of extracellular H 2 O 2
Cells in an adherent culture will have proportionally less surface area available for the diffusion of extracellular H 2 O 2 into the cell, and thus a possible slower rate of removal of extracellular H 2 O 2 . To address this possible physical constraint we examined the rate of removal of extracellular H 2 O 2 by attached and detached bovine aortic endothelial cells (BAEC). BAECs that were attached as a monolayer or detached as a suspension were assayed simultaneously with equal cell numbers per well. The data of Fig. 4 demonstrate that detached BAECS remove bolus additions of extracellular H 2 O 2 at a rate 2.6 times greater than the same cells when attached as a monolayer at the bottom of tissue culture wells; see also Table 1 . In this experiment the cellular first-order rate constants (k cell ) for the removal of extracellular peroxide-removal by BAECs were 0.50 Â 10 (Fig. 4 inset) . Thus, the ''available'' surface area influences the removal of extracellular H 2 O 2 .
Inhibition of catalase
In preliminary studies to explore the contribution of different peroxide-removal enzymes responsible for the removal of extracellular H 2 O 2 in our experimental configuration, we treated cells with the catalase inhibitor 3-aminotriazole. This treatment specifically inhibits catalase irreversibly through a suicide inactivation mechanism dependent on H 2 O 2 [44] . Because aminotriazole requires H 2 O 2 to inactivate catalase it can also be used to detect H 2 O 2 in vitro and in vivo [45] [46] [47] [48] [49] . In general we have found that cellular catalase activity can be inhibited to less than 20% of its original activity when incubated for 1 h with 20 mM 3-aminotriazol and that intracellular as well as extracellular H 2 O 2 can facilitate this inactivation [49] .
The inhibition of catalase decreased the rate of peroxideremoval from all the cells tested, but to varying degrees, Table 1 [57] ; Jurkat volume from [58] . c n is the number of independent experiments. Each experiment had, as minimum, triplicate determinations at each time point and for each standard. d This value of k cell was estimated from the data in Ref. [30] . Note that k cell of Antunes et al. is k obs here. Their cell density was 1.0 Â 10 9 cell L À 1
.
Differences in cellular capacity to remove extracellular H 2 O 2
As seen in Table 1 , k cell for removal of extracellular H 2 O 2 , as determined using our assay protocol, varies widely in the set of cells examined. The human pancreatic cancer cell line MIA-PaCa-2 and the human mammary adenocarcinoma cell line MDA-MB-231 have the lowest values of k cell . In contrast the human histiocytic lymphoma cell line U937 has 20 times greater capacity to remove H 2 O 2 as estimated by k cell . Interestingly, the MCF-7 human breast cancer cell line that overexpresses GPx-4 [50, 51] removes H 2 O 2 at a rate 3.5 times faster than the normal wild-type MCF-7 counterpart. This difference is not due to changes in catalase, GPx1, or attributable to differences in GSH levels, as the GPx-4 over-expresser has similar levels to the parental MCF-7 wild type cell line [50] . As seen with lipid hydroperoxides [52] , GPx-4 may be a major contributor to removal of H 2 This high capacity for removal of extracellular H 2 O 2 by RBCs is thought to be a means for red blood cells to remove localized pulses of very high fluxes of H 2 O 2 , such as generated by activated immune cells, thereby protecting other cells and tissues from oxidative damage and yet not suffer extensive damage themselves that would cripple their function [55] .
There are several peroxide-removal systems in cells, e.g. peroxiredoxins, glutathione peroxidases, catalase, and others. It must be kept in mind that the fraction of the flux of extracellular H 2 O 2 removed by any one of these systems depends on the flux of H 2 O 2 entering the cell and the availability of co-factors required for their individual function [11, 12, 18, 23, [24] [25] [26] [27] 56] . In addition, the biological response observed upon exposure will be a function of the exposure/dose (mole cell . We suggest information be provided on a per cell basis (a biophysical normalization) as well as per mg cell protein (a biochemical normalization). Use of both normalizations will maximize potential information from experiments. Expressing cell density in cell L À 1 and the use of seconds as the unit for time (SI unit) allows direct use when connecting to standard chemical kinetics and mathematical modeling [57] . This also allows direct quantitative comparisons between different cell types, a goal of quantitative redox biology [17, 57] .
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